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Abstract
Tungsten Oxide (WO3) films and low-dimensional structures have proven to be promising
candidates in the fields of photonics and electronics.

WO3 is a well-established n-type

semiconductor characterized by unique electrochromic behavior, an ideal optical band gap that
permits transparency over a wide spectral range, and high chemical integrity. The plethora of
diverse properties endow WO3 to be highly effective in applications related to electrochromism,
gas sensing, and deriving economical energy. Compared to the bulk films, a materials system
involving WO3 and a related species (elements or metal oxides) offer the opportunity to tailor the
electrochromic response, and an overall enhancement of the physio-chemical and optical
properties. In the present case, WO3 and TiO2 composite films have been fabricated by reactive
magnetron sputtering employing W/Ti alloy targets, and individual W and Ti targets for cosputtering. Composite WO3-TiO2 films were fabricated with variable chemical composition and
the effect of variable bulk chemistry on film structure, surface/interface chemistry and chemical
valence state of the W and Ti cations was investigated in detail. The process-property relationships
between composition and physical properties for the films deposited by using W/Ti alloy targets
of variable Ti content are associated with decreases in the deposition rate of the WO3-TiO2 films
due to the lower sputter yield of the strongly bonded TiO2 formed on the target surface.
Additionally, for the co-sputtered films using variable tungsten power, the optical properties
demonstrate unique optical modulation. The changes associated with the physical color of the
films demonstrate the potential to tailor the optical behavior for the design and fabrication of
multilayer photovoltaic and catalytic devices. The process-structure-property correlation derived
in this work will provide a road-map to optimize and produce W-Ti-O thin films with desired
properties for a given technological application.
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Chapter 1: Introduction
Semiconductor devices that harvest energy from the sun offer desirable approaches towards
sustainable energy production. Research has heightened in the areas of solar electricity and
photovoltaic technology in order to stabilize carbon-neutral energy production [1-2].

The

materials selection process becomes rigorous in the areas of cost-effectiveness and performance
requirements to meet industry efficiencies. The driving force for semiconductor materials is the
capture and conversion of the energy contained in solar photons [2]. For most optoelectronic
devices a transparent electrode is a critical component responsible for carrier injection or extraction
in electroluminescent devices, flat-panel displays, light-emitting diodes, electrochromic windows,
photovoltaics and solar cells [3-4]. Transparent electrodes should possess a high electrical
conductivity and maintain optical transparency in thin film form.
Transparent conducting oxides (TCOs) are wide band gap semiconductors (Eg>3 eV) with
useful electrical conductivity (>103/Ω∙cm) and are typically rendered degenerate by native or
substitutional doping of electron concentrations between 1020-1021/cm3 [5-7]. TCOs are essential
components in multilayered photovoltaic devices and must be carefully processed to maximize
optical transmissivity in the visible regime, while achieving minimal electrical resistivity [5]. The
most common TCO for active devices is currently indium-doped tin oxide (ITO) which is an ideal
transparent conductor; though presently there are some limitations [5-7]. An important drawback
is the strong absorption in the UV/blue spectral range observed in solar cells [6,7]. A more
profound impact is the scarcity of indium, which is influencing the increasing costs and preventing
large-scale use of ITO in low-cost photovoltaic energy conversion [6,7]. Research has recently
moved towards low indium-or indium free TCOs.
Processing of alternative materials must minimize microstructural features and impurities
that lead to reduced electron mobility, maximize activated substitutional dopants, and form the
optimum oxygen substoichiometry. The oxygen stoichiometry is critical to the minimization of
resistivity, since each doubly charged oxygen vacancy contributes two free electrons [5]. The
1

presence of doubly charged vacancies and substitutional Sn in indium oxide will create an impurity
band that overlaps the conduction band, creating a degenerate semiconductor. For n-type TCOs a
high carrier mobility, 30 cm2/Vs, and carrier density of 2.1×1021 cm-3 are at the limit of what is
possible for state-of-the-art TCO materials [8]. An optical gap of 3 eV or higher is a requisite to
exhibit transparency in the full range of the visible spectrum. The high electrical conductivity
relates to a high carrier concentration and corresponds to a Fermi level position well inside the
energy band, constituting the degenerate behavior [8]. Apart from optical and electrical properties,
alternative TCOs have an energetic requirement to fulfill in multilayer optoelectronic devices. A
suitable matching of energy bands with the active absorber or adjacent component is significant
for optimum device performance. Various aspects important for TCO applications are illustrated
in Figure 1.1 for the example of an organic light-emitting diode where the TCO is used as anode
for hole injection [8].

Figure 1.1: Relevant aspects of a transparent conducting oxide electrode in an organic light
emitting diode [8].

2

1.1

Alternative TCOs for Specialized Applications
Presently, the semiconductor oxides most widely employed as TCO films are doped In2O3,

SnO2, and ZnO, which are electron conductors. Other n-type TCOs are doped TiO2, CdO,
Cd2SnO4, and a range of solid solutions [8]. TCO materials based on p-type dopants have not been
largely commercialized, as their carrier mobilities stand an order of magnitude behind their ncounterparts [8-10]. The field of p-type TCOs is characterized by series of compounds based on
CuAlO2 delafossite that demonstrate p-type conductivity and optical transparency in visible light
[8-10]. Among the p-type transparent conductors are CuMO2 (M = Al, Cr, In, Sc, Y), LaCuOCh,
and Ba-Cu-Ch-F (Ch = S, Se, Te), SrCu2O2, Co(Zn, Ni)O3, Zn(Rh, Ir)2O4, and Cr2O3 [8]. Central
to the success of alternative materials is the understanding of the electronic structure between
dopant and semiconductor oxide.

Technological developments in optoelectronic device

applications require improvements in the physical and chemical properties of TCO films used as
transparent electrodes [9].
Commercially successful inorganic thin film solar cells are made with Cu(In, Ga)Se2
(CIGS) or CdTe as the active layer. The combination of a buffer layer (CdS) and a TCO
demonstrate the best cells [8]. The role of the TCO is to collect the photogenerated electrons,
which requires a high n-type doping and energy band matching to the active and buffer layers.
The phenomenal progress in the fabrication and characterization of nanostructured materials has
directed scientific research away from the solid-state junction device [11]. Devices based on
interpenetrating networks of mesoscopic semiconductors have demonstrated comparable
conversion efficiencies to conventional devices [11-13]. Dye-sensitized solar cells (DSSCs) based
on nanostructured semiconductors are made up of a mechanical support coated with a TCO, a
semiconductor film, a sensitizer absorbed onto the surface of the semiconductor, an electrolyte
containing redox mediator, and a counter electrode capable of regenerating the redox mediator like
platine [13]. Figure 1.2 demonstrates the working principle and energy level diagram of a DSSC
extracted from Nazeeruddin et al. [13]. Recently, this concept has developed into the so-called
perovskite solar cells, exhibiting remarkable performance with the certified solar to electric power
3

conversion of 17.9% [14]. Sensitized TiO2 acts as the photoanode supported by a fluorine-doped
SnO2 (FTO) glass and platinized FTO glass as the cathode. The FTO glass represents as much as
20-30% of the total cost of the practical DSSC module [14,15]. There is a strong motivation to
replace FTO with low cost materials. Contenders to replace FTO are based on metallic meshes
such as Ti, stainless steel, and TiO2 coated stainless steel. Carbon based materials such as carbon
cloth, graphene ribbons, and carbon nanosheets also pose several advantages such as abundance
and cost, and promising high conductivity based on the method of synthesis [14,16]. However,
for DSSC applications such as windows and roof panels these alternative electrodes exhibit opaque
transparency.

Figure 1.2: Operating principle and energy level diagram of dye-sensitized solar cells [13].

In contrast to solar cell devices, the TCO component in organic light-emitting diodes is
used as a p-type contact in order to inject holes into the organic conductor. A low injection barrier
for holes is requires, which corresponds to the highest occupied molecular orbital (HOMO) energy
of the organic conductor being close to the Fermi level at the interface [8]. A low Fermi energy is
possible in organic semiconductors by a large TCO work function. With technological advances
in flexible electronics, ITO films do not meet the mechanical flexibility required as the transparent
4

anode. Various transparent electrodes with good flexibility such as conducting polymers and
carbon nanotube films have been investigated in an effort to replace ITO and eventually realize
reliable and highly flexible OLED displays [17]. However, poor sheet conductance associated
with polymer and carbon based alternatives limit their use in OLED displays of various scales. An
alternative transparent electrode to combat the required balance between transparency and sheet
conductance while fulfilling the compatibility among the device structure is based on a
dielectric/metal/dielectric (D/M/D) structure. The D/M/D structure suppresses the reflection of
the metal layer and achieves a selective high transparent effect; D/M/D electrodes based on ZnSAg-WO3 (ZAW) layers, in which WO3 functions as a hole-injecting layer, where found to be an
effective bottom anode in conventional geometry as well as a damage-free top anode in inverted
top-emission geometry [18,19].
Thin film transistors are three terminal field-effect devices, whose working principle relies
on the modulation of the current flowing in a semiconductor placed between two electrodes (source
and drain). A dielectric layer is inserted between the semiconductor and a transversal electrode or
gate. The dielectric layer becomes the current modulation achieved by the capacitive injection of
carriers close to the dielectric/semiconductor interface, known as the field effect [20]. Transparent
thin film transistors (TTFTs) based on oxide semiconductors are promising alternatives to the
standard amorphous silicon devices due to their high carrier mobility, which is essential for
switching or driving device applications in flat panel displays. The electrical properties and
transparency of the TTFTs highly depend on the properties of the source and drain electrodes.
Conventional ITO and Zn-doped InO3 (IZO) films demonstrate undesirable resistivity when
compared to metallic source and drain electrodes such as Ti, Al, and Mo. Analogous to OLED
technology, D/M/D structures based on Al-ZnO and Ag (AZO/Ag/AZO) pose high device
performance and transparency in the visible spectrum due to very low resistance and effective
antireflection originated from the D/M/D structure [21].
Gas sensing technology based on metal oxides is of great interest due to their simple
fabrication methods, low cost, ideal geometry, and high sensitivity. The sensor function is
5

typically described in terms of a variation in band bending at the surface in response to adsorption
and desorption of gas molecules, which affects the overall electrical conductivity of a film by
switching on and off the contribution of the surface region to the electrical current parallel to the
surface [8]. Electrochromic materials have been widely used for optical hydrogen sensors due to
their gasochromic properties.
Gasochromic materials such as WO3 are transparent in the visible spectrum. Throughout
the exposure to hydrogen gas, H2 molecules are dissociated on the catalyst surface, which in turn
diffuse into the metal oxide lattice as electrons and hydrogen ions [22,23]. The injected electrons
become trapped in an intervalence state of the metal oxide, (W6+ for WO3), as a result a reduction
takes place, resulting in a change of color [22,23].

The gasochromic effect in WO3 is a

phenomenon in which the WO3 coating optically converts from a transparent to an absorbing blue
in the presence of hydrogen gas [23]. The gasochromic device is a multilayer stack composed of
two outermost TCO layers, one coated with an electrochromic film (EC), and the other with an ion
storage film that may or may not exhibit EC properties [24]. Additionally, a transparent, purely
ion-conducting layer (i.e. electrolyte) occupies the middle position of the device and joins the EC
film and ion storage films as pictured in Figure 1.3 [8, 24]. The charge insertion into the EC film(s)
is balanced by electron transport from the TCO and these electrons can participate in intervalence
transitions, which is the cause for optical absorption [24]. If tunable process-property relationships
are realized the EC film may simultaneously serve as the transparent electrode and the
electrochromic coating, reducing the fabrication costs of EC devices.

6

Figure 1.3: Schematic diagram of an electrochromic device [25].
1.2

Fabrication and Synthesis Methods for TCO Materials
Transparent and conducting oxides may be prepared through various thin film deposition

techniques depending on the desired film morphology and structure. Various physical vapor
deposition techniques such as evaporation, magnetron sputtering, molecular beam epitaxy and
pulsed laser ablation have been successful in the fabrication of homogenous thin films and
nanostructures. Chemical synthesis have been carried out through chemical vapor deposition
(CVD) techniques such as high temperature CVD, metal-organic CVD (MOCVD), atomic layer
deposition, spin coating, solution processing, and ion-layer gas reactions. Printing techniques that
operate on a roll-to-roll basis have also emerged as a method of fabricating electronic device
components due to the small number of production steps; however, reliable manufacture using
printing techniques still require significant process analysis and optimization. Choosing the best
deposition process for TCOs must take into account the required film properties such as resistivity,
transmissivity, film adherence and mechanical stability, and film density [26].

Boundary

conditions such as deposition area, tolerable deposition temperature, deposition rate, and
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conformal coverage of surface structures and investment costs are essential for commercially
scalable manufacturing methods [26].
Reactive magnetron sputtering is a powerful technique for film preparation widely utilized
at both laboratory and industrial scales for the fabrication of different kinds of single or mixed
oxides, as well as complex oxide-based layers [27]. The TCO materials used in industry are
primarily deposited by magnetron sputtering due to several advantages such as low substrate
temperature depositions, good film adhesion, high deposition rates (up to 12 μm/min), thickness
uniformity, complex compound formation by sputtering in rare/reactive gas mixtures, and it is a
relatively inexpensive process [28]. The well-researched D/M/D structures are deposited by inline magnetron sputtering systems onto large glass sheets with sizes of up to 3.2 m × 6 m with
cycle times of 1 to 2 minutes [26]. Gil-Rostra et al. prepared colored, partially transparent oxide
layers consisting of mixtures of a transparent oxide matrix and an absorbing transition metal cation,
MxSiyOz (M: Fe, Ni, Co, Mo, W, Cu) through an innovative up-scaled magnetron sputtering
process. The optical properties of the films were intended for optical, coloring, and aesthetic
applications by adjusting the plasma gas composition and the Si-M ratio in the magnetron target
[27]. A series of metallic strips were wrapped around a Si target, and the samples were prepared
by systematically varying the number of metallic strips per target. The versatility in reactive
sputtering poses several advantages for the development of optoelectronic devices due to the fine
tuning of optical properties as well as the compatibility with any kind of substrate including glass,
metals, ceramics, polymers, or other sensitive materials [27].
1.3

Tungsten Oxide (WO3) Thin Film Properties
Among metal oxide semiconductors, WO3 has become a focal point of interest where

nanostructured and low-dimensional forms of WO3 are beneficial for technological development.
8

WO3 thin films and nanostructures exhibit an optical band gap (~2.4-3.2 eV, depending on
processing conditions) that permits efficient use of the solar spectrum including absorption in the
blue part of the visible region and the ultraviolet region, as well as a high transmission region that
extends from the near-infrared (IR) to the visible spectrum [29-33]. WO3 is an extremely stable
material that can withstand exposure to harsh environments such as acidic aqueous solutions.
Coupled with good electronic transport properties, photosensitivity, and chemical integrity, WO3based materials are attractive for applications related to sustainable energy production including
energy efficient windows and architecture, photoelectrochemical water-splitting, photocatalysis
and solar cells [29-40].
WO3 is a complex material with respect to crystal structure and thermal stability as a result
of the high degree of polymorphism exhibited by both stoichiometric and non-stoichiometric W
oxides [41]. The phase transitions of WO3 are based on a distorted ReO3 structure and are
predominantly temperature dependent following a sequence of low temperature monoclinic
structure, ε-WO3 below 230 K, triclinic, δ-WO3 from 230-300 K, room temperature monoclinic,
γ-WO3 from 300-600 K, orthorhombic, β-WO3 from 600-1020 K, and a tetragonal structure, α1WO3 above 1170 K [41]. The optical properties and lattice structure associated with WO3 allow
feasible field-aided ion intercalation which is needed to accommodate the change in oxidation state
and promote reversible spectral absorption properties [42-46]. Integrating the transparent nature
of WO3 with its high coloration efficiency via ion intercalation, it becomes highly attractive for
optoelectronic information displays and redox resistive memory (ReRAM) technology [43-49].
The unique properties endowed to WO3 are very versatile and conform to specific device
requirements upon processing and fabricating conditions. The optoelectronic behavior of WO3
makes this material very facile in tailoring a process-property relationship for transparent
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electrodes in solar cells, photoelectrochemical (PEC) water-splitting, and electrochromic
windows. The essence for these devices will require enhanced optical modulation in order to
efficiently transmit or absorb certain regions of the solar spectrum to meet device performance. In
recent years, extensive efforts have been directed towards anion or cation doping into WO3 and
processing under controlled conditions to obtain composite oxide films in order to tune the optical,
electronic, and electrochemical properties. Titanium doping within the tungsten-titanium (W-Ti)
mixed oxide system has received wide consideration recently as W-Ti oxide films offer the
opportunity to tailor the electrochromic response, and an overall enhancement of the physiochemical and optical properties [35-40,43,47,48,50-52].
While it is possible to deposit and synthesize W-Ti-O films using a variety of physical and
chemical deposition methods, the use of W-Ti alloy targets has been shown to effectively
incorporate TiO2 into the WO3 matrix [33,51]. The use of alloy target deposition has been shown
to further enhance the durability of electrochromic devices, while presenting an industrially
scalable approach for the deposition of transparent conducting electrodes for photovoltaics
[33,48,51]. In addition, transparent conducting WO3-TiO2 films have shown promise in improving
the efficiency in photo-electrochemical cells [50-52]. However, for W-Ti composite oxide thin
films, the electronic properties and device performance are sensitive to the microstructure and are
influenced by various factors such as surface/interface structure, crystal quality, defect structure,
and chemical composition.

Despite the need, a detailed understanding of the W-Ti target

composition on the surface chemistry and electronic structure of the resulting W-Ti-O films is
missing at this time. Furthermore, while there are some integral studies with arbitrarily chosen
amounts of Ti, a systematic investigation to understand the compositional effects of TiO2 and WO3
within each compound will enhance our ability to tune the structure, chemistry and properties of
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the films. Therefore, the impetus for the present work is to understand the effect of target
composition on multi-component WO3-TiO2 films.

Tailoring the optical properties by

systematically leveraging the ‘dopant’ oxide within the dielectric matrix will assist in
understanding the limitations of doping oxide semiconductors which will influence material
advances in photovoltaics and photocatalytic devices.
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Chapter 2: Literature Review
2.1

WO3 Low Dimensional Structures for Electrochromic Devices
Electrochromic (EC) materials are able to accommodate the transmittance, reflectance,

absorbance, and emittance between a wide spectral range, which endow them to be effective
candidates in applications involving solar radiation modulation. The development of large area
information displays, rear-view mirrors for automobiles, thermal control of spacecraft and military
camouflage, as well as IR sensitive devices such as infrared camouflage and thermal control of
satellites largely benefit from the optical contrast of EC materials, known as “smart technology”
[50]. EC materials are able to switch between two optical states (bleaching/coloring) persistently
and reversibly in response to an applied voltage. Transmittance modulation is obtained by
electrically controlling the oxidation states of an electrochromic electrode and a counter electrode
by inserting or extracting small alkali metal ions.
Imaging devices based on the formation of color centers in thin films of WO3 became the
starting point for research and development of EC devices in 1969 [53]. WO3 has become the
most widely studied inorganic EC oxide. The mechanism responsible for cathodic coloration in
tungsten oxide is widely accepted as the double injection/removal of electrons and ions, according
to the following reaction formula [54,55]:
WO3 + αM+ + αe- ↔ MαWOx(where M denotes H+, Li+, Na+, K+ ions)……………..(1)
When electrons and ions are intercalated, the electronic structure of WO3 is modified. The Fermi
level moves upwards, and excess electrons fill the t2g band of WO3 [55]. This strongly alters the
optical properties of the material based on the physically alternating color of the film from
transparent to a deep blue, as discussed earlier. The EC process relies to a large extent on the
electronic conductivity and ionic diffusivity of WO3 [54,55].
12

EC technology for “smart windows” represents a new frontier for energy savings in
architectural applications, primarily the buildings sector. Windows represent the highest fraction
of energy loss or gain in building facades; solar heat gain accounts for about 37% of the total
cooling energy consumption of buildings, while heat loss through windows represents over 40%
of the total building energy leakages [56].

Fenestration components of modern energy saving

buildings integrated with EC materials can decrease the energy used to heat and cool a building by
25%, reduce lighting energy requirements by 50%, and reduce peak power by 30-40% [47,56].
The dynamic layers of EC windows are mainly manufactured by sputtering, which provides a high
degree of control and creates uniform results [47]. Effective use of large-area EC windows in
buildings require performance indicators based on electrical, optical and thermal properties which
depend on the structural compositions and configuration of the EC device [56].
Piccolo et al. highlighted the following relevant performance indicators for EC devices: the
switching voltage, switching speed, optical memory, optical transmittance coefficients, solar heat
gain coefficient, optical reflectance coefficients, thermal transmittance, color rendering, operating
temperature, and lifetime. The EC device considered by Piccolo et al. is a solid state device with
full scale area (12×12 cm2) and thickness (8 mm) comprising different layers deposited on two Kglasses, which is analogous to research based devices as mentioned earlier. The radio-frequency
sputtered active layer (WO3) layer and the ions storage material (NiOH:Li) exhibit a
complementary electrochromism [56]. The schematic diagram of the EC prototype is shown in
Figure 2.1. The simulation investigated by Piccolo demonstrated success in the basic material
requirements and some desirable improvements included faster switching speeds, higher visible
transmittance in the bleached state, enhanced reflectance modulation in the NIR spectral range,
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and higher neutral color level in the darkened state to guarantee acceptable color perception in the
indoor environment.

Figure 2.1: The multilayer full-scale solid state device investigated by Piccolo et al. [56].
Long-term durability is an obvious requirement for EC devices to be used in smart
windows, and this property has been the subject of numerous studies in particular with regard to
device performance and industry aspects [51,57]. Durability is a multifaceted property and
involves the ability to sustain charge transport between the two EC films in a device for many
thousand cycles without major changes in the performance, resistance against degradation by solar
irradiation for long times, chemical resistance at the thin-film/electrolyte interface, and sufficient
shelf-life [57]. Hashimoto and Matsuoka reported the improved cyclic performance of WO3 by
the addition of TiO2 many years ago [58]. Crystalline WO3, which resembles an “emptyperovksite”, is able to host a significant amount of interstitial sites where the guest ions can be
inserted [55]. However, the long range ordering limits ionic diffusivity in the material which
subsequently leads to poor electrochromic coloration efficiency [55]. Additionally, amorphous
WO3 is found to deteriorate with cyclic optical modulation due to the low temperature
crystallization of WO3. Data based on electrochemical measurements, transmission electron
14

microscopy, atomic force microscopy, and Raman spectroscopy verify that the addition of Ti
inhibits crystallization in WO3 [51].
Recently, Arvizu et al. deposited W-Ti oxide films with various compositions by reactive
DC sputtering employing W/Ti alloy targets. Electrochemical measurements performed in a Li+conducting electrolyte (1 M LiClO4 in propylene carbonate) for voltage sweeps ranging from 1.7
to 4.0 V and 2.0 V to 4.0 V resulted in a cycle-dependent degradation for pure W-oxide thin films
and most of the electrochromism was lost after 80 CV cycles at 1.7-4.0 V vs. Li+. For films of
W/Ti (W0.88Ti0.12O3) the degradation was much less significant. The addition of Ti promoted an
amorphous matrix and stabilized the electrochemical cycling performance and dynamic range of
electrochromism when compared to intrinsic WO3.
Arvizu et al. is shown in Figure 2.2.
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Cyclic voltammetry data extracted from

Figure 2.2: Cyclic voltammograms for WO3 (a) and (b) and W0.88Ti0.12O3 (c) and (d); graphs are
divided between voltage sweeps of 1.7-4.0 V and 2.0-4.0 V [51].
2.2

WO3 for Photoelectrochemical H2O Splitting
The photocatalytic water splitting of H2 and O2 using semiconducting catalysts has become

an area of intense focus due to the vast economic and environmental interest on promising sources
for renewable hydrogen production. Photoelectrochemical (PEC) cells offer an appealing prospect
to harvest solar energy and store it in a chemical form [59]. Water photoelectrolysis was first
reported by Fujishima and Honda on n-type, rutile-TiO2 when they observed oxygen evolution at
the surface of the semiconductor while it was irradiated with UV-light [60]. Since then, technical
advances have been developed for the improved efficiency of semiconductor materials in PEC
devices for a wide range of environmental and energy applications. The successful oxidation and
reduction of H2O in a PEC device involves three main steps: (i) absorption of photons with energies
exceeding the semiconductor band gap, leading to the generation of electron (e-) and hole (h+)
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pairs; (ii) charge separation followed by migration of these photogenerated carriers in the
semiconductor particles; (iii) surface chemical reactions between these carriers with the various
compounds (e.g., H2O) [61]. Electrons and holes may also recombine with each other without
participating in any chemical reactions, which significantly reduces photocatalytic activity [61].
A schematic diagram of water splitting in a PEC cell is shown in Figure 2.3 [61].

Figure 2.3: Schematic diagram of water splitting in a PEC cell (a) and the corresponding bandedge position requirements [61].

The band edge positions of the semiconductor must match the water-splitting potential and
the band gap should be around 2.0 eV for intrinsic photoexcitation, charge separation, and
subsequent photoreactions using ultraviolet and visible light in order to successfully use solar
energy as a source of irradiation [62,63]. The conduction band minimum should be more negative
than the proton reduction potential of H+/H2 [0 V versus the normal hydrogen electrode (NHE)],
and the valence band maximum should be more positive than the oxidation potential of O2/H2O
[1.23 V]; if the energetic considerations are satisfied the oxidation and reduction of H2O is realized
without a bias [40,62]. The present issue with PEC cells is the lack of suitable materials with
sufficient band gaps to yield a strong absorption in the visible spectrum. The majority of the solar
spectrum lies in the visible range, thus developing a visible light responsive PEC unit is important
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to maximize light harvesting capabilities [40]. The semiconductor photoelectrodes are generally
based on either transition-metal cations with a d0 electronic configuration such as Ta5+, Ti4+, Zr4+,
Nb5+, Ta5+, W6+, and Mo6+, or typical metal cations with d10 electronic configuration such as In3+
and Sn4+, Ga3+, Ge4+, and Sb5+ [61]. The empty d or sp orbitals form the conduction band
minimum, and the valence band maximum of d0- or d10-metal cations consist of O 2p orbitals,
which is roughly located at +3 eV or higher versus the NHE, and thus produce a band gap too wide
to absorb visible light [61].

Composite oxides composed of a wide-band gap and narrow-band gap semiconductors
have the potential to improve photocatalytic activity and enhance visible light response via a
multiphoton process. TiO2 and WO3 coupled structures are one such composition that holds great
promise [39,40]. WO3 is regarded as an attractive candidate for a photoanode, as it exhibits
approximately 12% of the solar spectrum absorption due to its intrinsic band gap (~2.8 eV), a
moderate hole diffusion length (∼150 nm), and inherently good electron transport properties (~12
cm2/V⋅s) when compared to TiO2 (0.3 cm2/V⋅s) [32].

The photocatalytic activity is also highly

dependent on ion absorption, crystallographic orientation of the exposed nanosurface, surface
defects, and surface oxidation processes which in turn are highly dependent on the fabrication
technique [39,61].
Smith et al employed a novel physical vapor deposition technique that allows the
deposition of multilayer nanorod arrays based on TiO2 and WO3. Oblique angle deposition (OAD)
and glancing angle deposition (GLAD) are used to fabricate tilted and vertical nanorods by
positioning the substrate at a large angle with respect to the incident vapor flux of the evaporated
material [39]. The sketch of the nanorod arrays composed of TiO2 and WO3 fabricated by Smith
et al. are shown in Figure 2.4.
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Figure 2.4: Growth sketches for the WO3-TiO2 nanorod arrays (a) OAD and (b) GLAD employed
by Smith et al. [39].
The photocatalytic degradation rates of Methylene blue (MB) were compared to two-layer
thin films and to morphologically similar single layer TiO2 nanostructures. The photodegradation
decay rate turned out to be proportional to the surface area of the photocatalyst structure; and the
addition of amorphous WO3 was beneficial to the charge separation effect.
Su et al. proposed a materials system based on WO3 and BiVO4 heterojunction
architectures for photoanodes. The band energy diagram depicting band edge positions of WO 3
relative to BiVO4 in a PEC cell is shown in Figure 2.5 [64]. The band gap of BiVO4 (2.4 eV) is
slightly narrower than the band gap of WO3 and as a result electrons from the BiVO4 conduction
band will be injected into the larger band gap of WO3. The WO3/BiVO4 photoanodes could be
suitable for efficient photoelectrochemical cell applications under visible irradiation [64]. The
BiVO4 layer was deposited by spin-coating over the WO3 nanorod arrays; the photocurrent was
enhanced as a result of the BiVO4 layer, and the improvement of charge separation in the
WO3/BiVO4 heterojunction.

Results attained by Su et al. demonstrate the nanorod array
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heterojunction structure promotes charge-carrier separation and transfer, as well as photocorrosion
stability.

Figure 2.5: Energy diagram of WO3/BiVO4 heterojunction and electron transport process [64].
2.3

Prospects of WO3 as a TCO in Solar Cells
The spectral selectivity of TCO materials detailed in Chapter 1, discusses the functional

optical properties associated with TCOs essential for solar energy utilization and energy efficiency.
All photovoltaics, including organic and polymer based bulk-heterojunction (BHJ) solar cells, as
well as the third generation dye-sensitized solar cells require the use of transparent conducting
electrode materials in order to admit light into the active region and collect charge [65,66]. In BHJ
solar cells, the charges generated in the active layer upon light absorption are transported via
donor-acceptor networks and collected by the electrodes to realize light-electricity conversion
[65,66]. Extensive investigations have been done on the use of ITO-modified and ITO-free
electrodes for photovoltaics including the use of a buffer layer to assist the TCO component.
Investigations aimed at improving TCO materials have not focused on WO3 as the core TCO layer.
WO3 is typically researched in combination with oxides that possess intrinsic conductive behavior,
namely ITO and FTO or in modified structures that include the dielectric/metal/dielectric
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electrodes. In spite of the advances of WO3 in solar driven photoelectrochemical cells for H2O
splitting, and the unique ‘coloration’ effects for electrochromic applications, the use of WO3 as a
conducting electrode in solar cells is limited.
Chen et al. fabricated ITO-free polymer BHJ solar cells based on a D/M/D structure
composed of WO3/Au/WO3 as the conducting electrode. The structure is composed of a poly[N9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-bezthiadiazole)(PCDTBT):
[6, 6]-phenyl C71-butyric acid methyl ester (PC70BM) active layer, and a LiF and Al electrode as
displayed in Figure 2.6a. For comparison ITO-based devices employing ITO/WO3 as a transparent
electrode were also fabricated (Fig. 2.6b). When the incident light transmits through the Au layer,
it will make ‘round-trips’ between the thin Au layer and the top Al electrode [67]. The resonant
light between the two metal electrodes is known as a microcavity effect and is schematically shown
in Figure 2.6c. According to the J-V and IPCE characterization with a 70 nm active layer, the
power conversion efficiency (PCE) of the ITO-free was ~4.55%, which was higher than the device
employing ITO. However, a 130 nm active layer thickness did not show favorable results for the
ITO-free solar cell. The PCE was lower when compared to the PCE of the ITO structure for an
active layer thickness of 130 nm due to off-resonant suppression. The resonant effect imposed by
the D/M/D structure is largely related to the intrinsic absorption of the active layers. The
optimization of the microcavity effect is necessary to yield favorable results.
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Figure 2.6: (a) Structure of the ITO-free polymer BHJ solar cell (b) Structure of the solar cell
containing an ITO/WO3 transparent electrode (c) A schematic representation of the
microcavity effect formed by a D/M/D transparent electrode [67].
Gerling et al. reported a comparative study on transition metal oxides based on MoO3,
WO3, and V2O5, acting as front p-type contacts for n-type crystalline silicon heterojunction solar
cells. The structure of the transition metal oxides and n-Si heterojunction solar cell employed by
Gerling is shown in Figure 2.7. Transition metal oxides, such as WO3 are of interest due to the
favorable work function and conductivity attributed to the band gap position within the O 2p and
metal d-bands. The occupancy of the d-states determines the conductivity and work function [68].
The highest PCE corresponded to V2O5, followed by MoO3 (13.6%), and the lowest performance
was for WO3 at 12.5%. XPS analyses confirmed an oxygen-rich, WO3.2, whereas MoO3 and V2O5
demonstrated additional oxygen vacancies, which correspond to the higher PCE values observed.
A significant improvement may be possible by further tailoring the transition metal oxide work
function.
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Figure 2.7: Schematic illustration of the transition metal oxides and n-Si heterojunction solar cell
[68].
Han et al. investigated WO3 as a buffer layer on anodes to improve the performance of
bulk-heterojunction solar cells based on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61
butyric acid methyl ester (PCBM-60). The schematic diagram of the overall device structure is
shown in Figure 2.8. In order for the buffer layer to couple effectively to the ITO layer, a smooth
uniform layer is desired in order to reduce the change of direct shorts and local high fields and
ultimately prevent leakage current and the formation of defects [66]. Insertion of 5–30 nm-thick
WO3 layers resulted in a power conversion efficiency and fill factor as high as 3.1% and 0.70,
respectively, showing an improvement with a good batch-to-batch consistency over conventional
cells [66].

Figure 2.8: Schematic illustration of the organic BHJ solar cell employed by Han [66].
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Chapter 3: Research Objectives
The central theme of the project work is the fabrication, testing, property measurement and
evaluation of novel, cost effective transparent conducting electrodes for their potential application
in organic and inorganic based photovoltaic and optoelectronic devices. The goal of the project is
to obtain a fundamental scientific understanding in order to realize tungsten-based mixed oxides
for solar driven energy conversion technologies.
3.1

Concept and Approach
Earlier studies demonstrated a structure-process-property relationship for intrinsic WO3.

WO3 grown by radio frequency (rf) magnetron sputtering with variable temperature crystallizes at
relative low temperatures. The monoclinic structure fully crystallized at 200 °C; with further
temperature increase a phase transformation took place at 400 °C to a tetragonal structure [69,70].
Figure 3.1 demonstrates a phase diagram for intrinsic WO3 grown with variable temperature. The
room-temperature electrical conductivity of the WO3 films had a significant increase at higher
temperatures. Conductivity is reported to decrease with grain size reduction due to the increase in
grain boundary volume and associated impedance to the flow of charge carriers [69,70]. The band
gap of the WO3 thin films was influenced by quantum confinement effects at lower temperatures
or crystallite sizes. Having established a size-phase-property relationship in nanocrystalline WO3
films, the efforts moved towards Ti incorporation by doping and the formation of composite WO3TiO2 films.
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Figure 3.1: Phase diagram for WO3 summarizing a size-phase-property relationship as a function
of growth temperature.
3.2

Statement of Proposed Work
Based on preliminary studies we propose the hypothesis: “Ti-doping into WO3 and the

formation of WO3-TiO2 composite films will improve the electronic structure allowing us to tune
the electronic properties and conductivity; therefore, doping coupled with optimizing processing
parameters will allow us to design and develop candidate materials with maximum transparency
and conductivity in order to meet TCO standards and facilitate novel photovoltaic devices.” The
challenging goal of the propose work will be to formulate a process-property evaluation for W-TiO thin films to be used in multilayer bulk-heterojunction solar cells, photoelectrochemical cells
(PEC), and electrochromic windows.
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3.3

Objectives
1. The first objective will be to fabricate WO3 thin films by using reactive magnetron
sputtering. Films will be prepared with various compositions by employing W/Ti alloy
targets. The use of individual W and Ti targets will be used for co-sputtering and variable
composition will be achieved by varying the individual power supplies.
2. The deposition conditions for alloy target depositions will be modeled after previous
reports on intrinsic WO3. The deposition conditions for co-sputtering will be optimized by
identifying the critical oxygen partial pressure that will yield stoichiometric, transparent
WO3-TiO2 films, and subsequently absorbing metal-oxide coordination complexes. The
resulting films will provide valuable information on WO3 and TiO2 compound formation.
3. Characterize the compound films by various analytical techniques that will determine the
structural, chemical, and electronic properties necessary to form a process-property
evaluation.
4. The WO3-TiO2 thin films will be evaluated for photovoltaic multilayer devices. Property
evaluation will be carried out by using a solar simulator to assess WO3-TiO2 films as the
TCO component in a bulk-heterojunction solar cell. The photocatalytic activity and
electrochromic nature of the films, such as cyclic voltammetry will measured against
suitable

electrodes

to

evaluate

the

photoelectrochemical cells.
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Chapter 4: Experimental Techniques
4.1

Thin Film Fabrication
The composite WO3-TiO2 thin films were grown primarily by reactive sputtering which is

a physical vapor deposition technique. Radio frequency (rf) magnetron sputtering was employed
for the set of films grown from W/Ti alloy targets. Direct current (dc) magnetron sputtering was
employed to co-deposit the composite oxide films from individual W and Ti targets. Reactive
sputtering relies on the excitation of a source or target material in the presence of a high purity
ionizing gas (Ar) or a mixture of gases (e.g. Ar + O2) that will react with the target to form a thin
film of different composition on the substrate material [71-73]. The process is done in vacuum at
relatively low pressures; the partial pressure of the gas in the vacuum chamber will determine the
stoichiometry of the thin film formed. Applying a negative charge to the target material causes a
plasma discharge. The positively charged gas ions become attracted to the negatively biased target
surface, creating high speed collisions that will induce a momentum transfer and eject target atoms.
The sputtered atoms have kinetic energies much greater than thermal energy and proceed to sputter
in a line of sight direction. The substrate is placed in front of the target so that it can intercept the
flux of sputtered atoms. Secondary electrons are also emitted from the target surface as a result of
the ion bombardment. These electrons do not contribute significantly to sustaining the ejected
atoms onto the substrate surface and are likely to cause unwanted heating, however if a magnetic
field is applied parallel to the target surface, the secondary electrons circle around the magnetic
field lines and stay near the target ultimately increasing ionization efficiency [71-73]. The
sputtering process has been known, and despite its limitations, has been used for years and made
significant impact for coatings and thin films with specific optical and electrical properties [72].
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4.1.1 Direct-Current and Radio-Frequency Power Supplies
In a dc sputtering system, the cathode electrode is the sputtering target. The anode serves
as a substrate holder and may be negatively biased to enhance diffusion by increasing the energy
of the surface atoms (Fig. 4.1a) [73]. To establish a dc discharge in argon, there is a discrete gas
pressure greater than 10-3 Torr required. Since the target material poses as the cathode electrode,
arching may be a problem when the intrinsic resistivity of the target is high [73].
The conventional frequency used in rf sputtering is 13.56 MHz. Due to the difference in
mobility between electrons and ions, the I-V characteristic of a glow discharge resemble that of a
rectifier. The target is coupled to the rf generator through a series capacitor; no charge can be
transferred through the capacitor, thus the voltage on the target surface must self-bias negatively
until the net current is zero. This results in a pulsating negative potential [73]. The corresponding
average dc voltage of this potential is nearly equal to the peak voltage applied, therefore rf
sputtering can be performed at low gas pressures (<10-3 Torr). The resistivity or conductivity
associated with the target material is insignificant to this process since the target is capacitively
coupled to the plasma. Figure 4.1b is a schematic representation of the rf sputtering system.
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(a)

(b)
Figure 4.1: Schematic illustration of (a) dc-sputtering and (b) rf-sputtering systems [3].
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4.1.2 Methodology
Thin films of W-Ti mixed oxides were deposited onto clean silicon (Si) (100) and indium
doped tin oxide (ITO) coated glass substrates by radio-frequency (RF) (13.56 MHz) magnetron
sputtering. The Si(100) substrates were cleaned by RCA (Radio Corporation of America) cleaning
and the ITO coated glass substrates were cleaned by sonicating for 30 minutes, first in acetone
then in isopropyl alcohol [74].

All the substrates were dried with compressed air before

introduction into the vacuum chamber, which had been evacuated to a base pressure of ~10-6 Torr.
Tungsten-titanium alloy targets (Plasmaterials Inc.) of 2” diameter and 99.95% purity were
employed for reactive sputtering. The ratio of W to Ti for the five targets employed varied as
follows: 100:0, 95:5, 90:10, 80:20, and 70:30 (wt. %). The W-Ti targets were labeled according
to their Ti composition. The individual targets were placed on a 2-inch sputter gun, which is 8 cm
from the substrate. A sputtering power of 40 W was initially applied to the target while introducing
high-purity argon (99.999%) into the chamber to ignite the plasma. Upon plasma ignition, the
power was increased to 100 W and oxygen (ultra-high purity, 99.994%) was released into the
chamber for reactive deposition. The flow of Ar and O2 and their ratio was controlled using MKS
mass flow controllers (30 sccm of Ar mixed with 10 sccm of O2). For better understanding the
effect of variable Ti-content on the structure and surface chemistry of W-Ti-O films, the flow and
ratio of Ar and O2 employed in this work were those used for W-target sputtering resulting in
stoichiometric WO3 films. Before each deposition, the targets were pre-sputtered for 10 minutes
using Ar with the gun shutter closed. The depositions were carried out at room temperature (25
°C) for 1 hour. A detailed description of the dc magnetron sputtering parameters employed will
be discussed in Chapter 6.
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4.2

Thin Film Characterization
The grown WO3-TiO films were characterized by performing non-destructive techniques

for crystal structure, surface morphology, and optical measurements.
4.2.1 X-Ray Diffraction and Reflectivity
X-Ray diffraction (XRD) techniques rely on the characteristic wavelength of a particular
X-ray source and the response after interacting with a crystalline or amorphous material. Upon
the interaction of an incident beam of monochromatic X-rays with a crystal, the beam will diffract
into many specific directions related to the crystal. The scattered X-ray will undergo constructive
or destructive interferences based on crystalline or amorphous behavior. Bragg’s law must be
satisfied in order to obtain valuable information such as phase identification, unit cell dimensions,
or a measurement of purity. For thin film analysis it is formal to use grazing incidence XRD or
GIXRD, in which the X-ray beam will only penetrate the sample surface at very small angles of
incidence, and avoid a substrate diffractogram.
X-ray reflectometry (XRR) is used to analyze X-ray reflection intensity curves as opposed
to XRD that relies on diffraction phenomena. Information is gathered from a grazing incident Xray beam to determine film properties such as thickness, density, and surface or interface
roughness.
A Rigaku SmartLab X-Ray diffractometer was employed for diffraction and reflection
measurements and is shown in Figure 4.2. A Cu Kα (λ=1.540593 Å) X-ray source is used by the
SmartLab diffractometer. Diffraction measurements were made on a 2θ scale in the range of 1560° with a step size and scan speed of 0.05° and 2°/minute, respectively. The diffractometer
employs a Parallel-Beam (PB) geometry using a Gobel mirror to focus the divergent X-ray beam
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into a nearly parallel X-ray beam. This geometry allows the incident angle (Θ) and the diffracting
angle (2θ) to be decoupled and scans to be executed with a fixed incident angle, allowing for
grazing incident X-ray diffraction (GIXRD). The incident angle was fixed at 0.15° to avoid
interference from the Si substrates. The XRR measurements employ the default measurement
XRR PB-medium resolution. Scans were taken at a step size and scan speed of 0.005° and
0.2°/minute, respectively. The scan length was done at low angles from 0-6°. Experimental data
was fit with the software package GlobalFit associated with the Rigaku SmartLab diffractometer.

Figure 4.2: Rigaku Smartlab diffractometer employed for XRD and XRR measurements.
4.2.2 Scanning Electron Microscopy
Surface imaging was performed on a FEI/Philips Sirion Field Emmision Scanning Electron
Microscope (SEM) (Fig. 4.3). The films grown on the Si substrates were utilized to obtain SEM
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micrographs. To avoid charging problems the films were coated with fine layer of carbon using a
Gatan Precision Etching Coating system.

Figure 4.3: FEI/Philips Sirion Field Emission SEM used for surface imaging.
4.2.3 X-Ray Photoelectron Spectroscopy
X-Ray photoelectron spectroscopy (XPS) was employed for surface chemistry and film
stoichiometry evaluation. The basic principle behind XPS is to analyze electrons emitted by the
photoelectric effect. Soft, monoenergetic X-rays (usually Mg Kα, 1253.6 eV or Al Kα, 1486.6
eV) irradiate a sample surface in an ultra-high vacuum (UHV) environment, through the
photoelectric effect electrons are emitted with characteristic kinetic energies [75]. The emitted
electrons have measured kinetic energies given by:
KE=hν – BE – Φ ……………………………………….(2)
where hν is the energy of the photon, BE is the binding energy, and Φ is the work function [75].
If the photon energy is less than the work function, then no electron is emitted; the same is true if
the energy is less than the binding energy of the electron within its atomic orbital. Emitted
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electrons carry a kinetic energy equal to the difference between photon and binding energies. Since
each element has a unique set of core levels, KE’s can be used to determine the concentration of
elements in the surface. In addition, variations in the elemental binding energies or chemical shifts
will arise due to differences in the chemical potential and polarizability of the compounds which
may be used to determine the chemical state of the material in question [75].
The chemical composition of the W-Ti-O films has been determined using a Physical
Electronics PHI 5700 X-ray photoelectron spectroscopy (XPS) system (Fig. 4.4). This system
utilizes a 7 mm monochromatic Al Kα X-ray source (1486.6 eV). To obtain survey scans, a pass
energy of 187.85 eV was used at a step interval of 0.8 eV and a dwell time of 20 ms/step. High
energy resolution scans were performed using a pass energy of 29.35 eV with a step interval of
0.125 eV and a dwell time of 10 ms/step. CasaXPS software was used for atomic composition and
peak fitting analysis. To fit the high energy resolution spectra, Gaussian-Lorentzian line shapes
were used along with Shirley background subtraction for accurate peak area determination. Inert
gas sputtering measurements were made for depth profiling using Ar+, with a beam energy of 4
keV and a raster size of 3 mm by 3 mm. To obtain sufficient data points in each sputter depth
profile, the sputter times used for each sputter cycle were chosen depending on the film thicknesses
as measured from XRR and spectroscopic ellipsometry.
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Figure 4.4: Physical Electronics PHI 5700 XPS system.
4.2.4 Spectrophotometry Measurements
Optical properties were evaluated using both spectrophotometric and ellipsometry
measurements. Spectrophotometry measurements were attained by using a Cary 5000 UV-vis-NR
double-beam spectrophotometer; the instrument is demonstrated in Figure 4.5. Films grown on
optical grade quartz were employed for optical property measurements to probe the transparent
nature and band gap analysis of the W-Ti-O films.

Figure 4.5: Cary 5000 Spectrophotometer.
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4.2.5 Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) measures the relative changes in the amplitude and phase
of the linearly polarized monochromatic incident light upon oblique reflection from the sample
surface. The experimental parameters obtained by SE are the angles Ψ (azimuth) and Δ (phase
change), which are related to the microstructure and optical properties, defined by:
ρ = Rp/Rs = tan Ψ exp (iΔ)……………………………….(3)
where Rp and Rs are the complex reflection coefficients of the light polarized parallel and
perpendicular to the plane of incidence, respectively [76-79]. In general, the fundamental equation
of ellipsometry that relates the measurable with the accessible optical information is:
ρ = tan ψ exp (iΔ) = ρ(N0, N1, N2, L1, Φ0, λ)………………………..(4)
where the middle term contains the measurable and the last term on the right contains all the
accessible parameters of the measurement, namely, film thicknesses, optical properties, the
wavelength of light, and the angle of incidence [76-79]. The spectral dependencies of ellipsometric
parameters Ψ (azimuth) and Δ (phase change) can be fitted with appropriate models to extract film
thickness and the optical constants i.e., the refractive index (n) and extinction coefficient (k), based
on the best fit between experimental and simulated spectra [76-79]. In the present case, the
Levenberg-Marquardt regression algorithm was used for minimizing the mean-squared error
(MSE):
1
MSE 
2N  M

     2      2
 exp . exp calc.    exp . exp calc. 
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 i
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……………………(5)


where Ψexp, Ψcalc and Δexp, Δcalc are the measured (experimental) and calculated ellipsometry
functions, N is the number of measured Ψ, Δ pairs, M is the number of fitted parameters in the
optical model and σ are standard deviations of the experimental data points [76].
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In order to extract optimal data from SE experimental and simulated measurements, the
construction of a multilayer optical model is essential. The model representation accounts for a
number of distinct layers with individual optical dispersions and the interfaces between these
layers are optical boundaries at which light is refracted and reflected according to the Fresnel
relations. The dispersion relations of the optical constants are derived using a stack model;
succeeding the construction of the optical layer model, the experimental data is fit with appropriate
dispersion models. The specific dispersion models used to model the WO3-TiO2 thin film
ellipsometric data will be discussed in the following chapters in order to expound upon the
measured and experimental results.
SE measurements were performed ex-situ on the films grown on silicon wafers by utilizing
a J. A. Woollam V-VASE instrument (Fig. 4.6). Measurements were done in the range of 300 to
1350 nm with a step size of 2 nm and at angles of incidence of 65°, 70°, and 75°, near the
Brewster’s angle of silicon. The ellipsometry data analysis was fit using commercially available
WVASE32 software.

Figure 4.6: J.A. Woollam WVASE Ellipsometer.
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Chapter 5: W-Ti-O Films Fabricated from W/Ti Alloy Targets
5.1

Crystal Structure
X-ray diffraction patterns obtained for the W-Ti-O thin films are shown in Figure 5.1 as a

function of Ti content in the W-Ti alloy target. It is evident that all the films exhibit an amorphous
structure. Our earlier studies indicated that pure WO3 films crystallize in a monoclinic structure
at Ts=100-200 °C and a tetragonal structure above Ts =300 °C. Doping of Ti prevents
crystallization and induces an amorphous nature; furthermore, W and Ti do not satisfy the HumeRothery rules prohibiting the possibility of a solid-solution, thus confirming the formation of
composite oxide films when sputtering from a W/Ti alloy target. However, in the present case,
the amorphous structure of the films is attributed mainly to the substrate temperature since all the
films were fabricated at room temperature.

Figure 5.1: GIXRD patterns of the W-Ti-O thin films.
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5.2

Film Thickness and Density
Simulation of the XRR experimental data using appropriate models can provide physio-

chemical information of WO3-TiO2 thin films. Specifically, the surface roughness, thickness and
density of the WO3-TiO2 films can be obtained from XRR spectra. The density can be calculated
from the total reflection or critical edge, while film thickness can be derived from the period of the
oscillations in the XRR spectra [80]. The electron density contrast between film and substrate will
also influence film properties. Figure 5.2a displays the representative reflectivity spectra for
intrinsic WO3 and the WO3-TiO2 composite thin films; the derivation of film parameters are also
addressed and assists in confirming the results observed. The stack model employed to simulate
the XRR spectra contained, from the top, WO3-TiO2 film, SiO2 interface and Si substrate (Fig.
5.2b). The surface and interface roughness were also considered in order to accurately fit the
experimental XRR spectra of the WO3-TiO2 films. The measured roughness values were less than
2 nm, and did not provide any significance on the effect of film composition, and therefore will
not be shown.
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(a)

(b)
Figure 5.2: Representative XRR spectra (a) and model used to derive film properties (b).

Density as a function of alloy target obtained from XRR are shown in Figure 5.3a. Density
values initially increase and the effect of Ti is not observed until WTi(10) where the density values
begin to decrease, ultimately to a value of 6.48 g/cm3. For comparison the bulk density values of
WO3 and TiO2 are 7.16 g/cm3 and 4.23 g/cm3, respectively. The decreasing density values are
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attributed to the higher Ti content which allows the formation of a dense morphology at low
deposition rates in vacuum [81]. Film thickness variation as a function of target composition is
shown in Figure 5.3b. It is evident that the thickness of the films is highly dependent on the Ti
content in the target (Fig. 5.3b). It can be noted that the film thickness and density decrease with
increasing Ti content in the W-Ti alloy target. This observation can be explained through an
understanding of both the heat of formation of the Ti and W oxides, as well as their respective
atomic sputtering kinetics [82]. The heats of formation reported for WO3 and TiO2 are -840 kJ/mol
and -944 -kJ/mol, respectively [83,84]. Thus, both W and Ti demonstrate a large affinity for
compound formation with oxygen, with Ti being the more aggressive oxygen getter, increasing
the likelihood of target poisoning as the Ti content increases. It has been understood that the
heavier W atoms (183.84 amu) will sputter in a more ballistic manner, which is not the case for Ti
atoms (47.867 amu) [85,86]. The Ti atoms are scattered more rapidly due to the gas atoms
therefore enhancing energy losses in the Ti deposition flux [86,87]. The sputtering yield achieved
by various empirical equations poses an inverse relationship between the yield and the heat of
sublimation per atom sputtered [88,89]. The Ti-O bonds form preferentially to W-O bonding, in
addition a higher degree of thermal stability is associated with TiO2 (for comparison the melting
temperature of TiO2 is ~1843 °C and that of WO3 is ~1473 °C). Considering the high thermal
stability of TiO2, with respect to WO3, increases in the Ti content within the target are associated
with decreases in the deposition rate of the W-Ti-O films due to the lower sputter yield of the
strongly bonded TiO2 formed on the target surface. For a constant deposition time of 60 min., the
W-Ti-O film thickness decreased from 150 nm for 0 wt.% Ti to 35 nm with the highest amount of
Ti (30 wt%) in the target. The observed decrease in rate is largely the effect of disparities in the
sputter yields of WO3 and TiO2.
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(a)

(b)
Figure 5.3: (a) Density as a function of W-Ti target composition. (b) Film thickness variation with
Ti content in the W-Ti target.
5.3

Chemical Composition and Valence State
X-ray photoelectron spectroscopy was used to obtain the chemical composition and

valence state of the elements present in the grown films. The XPS survey spectra of the films are
shown in Figure 5.4. The main constituents of the films are W, Ti, O, and C. The carbon peak in
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the XPS spectra is due to adventitious carbon from exposure to air following fabrication, before
being placed in the XPS system. Therefore, the spectra is calibrated to the C 1s peak at a binding
energy (BE) of 284.6 eV. However, sputtering with Ar+ ions fully eliminated the C 1s peak in the
survey scans (not shown) which is a clear indication that the carbon is a result of adsorbed species
on the film surface due to air exposure.

Figure 5.4: The XPS survey spectra of W-Ti-O films. Spectra are offset for clarity.
In order to determine the chemical state of W and Ti present in the films, high energy
resolution spectra of the main constituents were obtained. High resolution spectra of C 1s, O 1s,
Ti 2p, W 4f and W 4d peaks were acquired and analyzed. High energy resolution scans of the Ti
2p, W 4f or W 4d and O 1s core level photoelectron peaks were gathered prior to sputtering to
provide information about the chemical states of the atoms on the film surface. The XPS spectra
of O 1s are shown in Figure 5.5. The O 1s spectra could be fit with one component of a GaussianLorentzian function, excluding possible small contributions from adsorbed oxygen or carbonyl
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species. The same follows for the case of C 1s (not shown). The O 1s had no observable change
in peak shape. The binding energies (BE) for the O 1s transition corresponding to binding energy
shifts associated with WO3, were located at 530.7 eV. As the Ti content within the target was
increased, the peak position shifted from 530.7 eV to 530.5 eV resulting from lattice oxygen
bonding with both W and Ti [90,91].

Figure 5.5: High resolution XPS spectra for O 1s. Spectra are offset for clarity.
Based on the Ti 2p spectra shown in Figure 5.6, it is evident that at low concentrations of
Ti (<10 wt.% in the target) the peaks are not well detected but increase in intensity and obtain
satisfactory shapes with increasing Ti content. As the intensities of Ti 2p increase alongside Ti
content in the targets, the peak positions shift from 459.1 to 458.7, with the BE position remaining
constant at higher Ti concentrations (≥10 wt.% in the target). The corresponding binding energies
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for Ti 2p1/2 and Ti 2p3/2 are located at 464.5 eV and 458.72 eV, respectively, which agree well with
reported values for stoichiometric TiO2 [90-94]. The spin orbital splitting of the Ti 2p doublet is
~5.8 eV, which is also in good agreement with the reported values in the literature indicating that
Ti exists in its highest oxidation state of 4+ [90-94].

Figure 5.6: High resolution XPS spectra of Ti 2p from the W-Ti-O films deposited using different
Ti content in the W-Ti targets.
The W 4f core level transition has been the traditional choice to characterize the chemical
state and composition of W. In the case of W-Ti-O films, composition measurement is performed
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using the 4d peaks, while analysis of the oxidation states was confirmed using the W 4f core level
transitions. This is due to the obvious reason that the W 4f XPS peaks overlap that of Ti 3p. Table
5.1 presents the peak positions of the W 4f and Ti 2p doublets for W-Ti-O films along with the
reported binding energies of WO3 and TiO2. The BE of W 4f varies between 35.47-35.35 eV. The
BE corresponding to WO3 at its highest oxidation state of 6+ is typically reported to be at the
higher end of this range [90,92,95-98]. The W 4f BE experiences a progressive shift towards lower
BE with the addition of Ti to the W-Ti target. The gradual shift to negative BE values for the W
4f7/2 peak is due to the differences in electronegativity and polarizability between W and Ti. The
ionic radius for Ti (Ti4+, 0.68 Å) is slightly larger than W (W6+, 0.62 Å) allowing for feasible
electron cloud distortion and higher polarizability [99]. As the Ti content increases the shift of the
W 4f peak towards a lower BE can be noted which is due to more Ti ions existing in a higher
oxidation state than the W ions in the WO3-TiO2 films. The core level spectra pertaining to W 4d
are shown in Figure 5.7. The W4d5/2 and 4d3/2 peaks are well-resolved and fit with a high degree
of confidence. As is seen in Figure 5.7, the 4d5/2 peak position is stable with increasing Ti content
in the target, confirming that the films maintain chemical integrity despite TiO2 formation and/or
doping. The W 4d5/2 peak position at 247.42 eV is consistent with the reported value of 247.5 eV
which is attributed to an oxidation state of 6+ [87,90,92,100,101]. The analysis on the W 4d peaks
confirm the oxidation state of W and affirm the change in BE for the W 4f7/2 peak is due to
electronic interaction between W and Ti atoms. Further analysis with the spectra for W 4d revealed
good fits along with the absence of any peak shape variations, confirming that the tungsten resides
in a valence state of 6+. There is a slight decrease in peak intensity and increase in broadness with
increasing Ti, which is consistent with the compositional results.
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Table 5.1: Binding energies for W 4f and Ti 2p. Two decimal places are shown for comparison
purposes. The corresponding binding energies of stoichiometric WO3 and TiO2 are also listed for
comparison.
Binding Energy (eV)
Target (Ti
wt.%)
W (100)
WTi(5)
WTi(10
WTi(20)
WTi(30)
WO3
TiO2

W 4f

Ti 2p

35.47
35.47
35.35
35.35
35.35

459.10
458.72
458.72
458.72

35.80
458.70
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Reference

96,97
95

Figure 5.7: High resolution XPS spectra of W 4d from the W-Ti-O films deposited using different
Ti content in the W-Ti targets. Spectra are offset for clarity.
Table 5.2 summarizes the calculated relative concentrations for W, Ti, and O present in the
films. In order to account for the observed results and explain the fundamental science behind the
surface chemistry and chemical valence states of Ti and W, the variation of Ti 2p3/2 and W f7/2
with Ti content are presented and compared in Figure 5.8. It can be seen that the Ti 2p binding
energy is essentially constant with different Ti contents in the target, indicating the presence of the
Ti4+ cation, associated with stoichiometric TiO2 formation in all Ti-containing films. In contrast
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with the stability of the Ti 2p transition, the BE for the W 4f7/2 undergoes a negative shift, this
effect is dominant for Ti content ≥10 wt. %. The high energy resolution XPS spectra for W 4f and
W 4d indicate a single valence state for W without the indication of any tungsten-oxide reduced
species. Therefore the cause for the negative shift is attributed to the substitution of Ti atoms for
W, based on differences in both electronegativity and polarizability associated with Ti and W. The
relative atomic ratio of Ti:W is (approximately) linearly proportional to the alloy target
composition as seen in Figure 5.9, for comparison the target compositions were converted to
atomic percent.

Furthermore, as discussed under the film thickness variation, the relative

differences in the sputtering yield and oxidation also confirms the variation in composition from
target to film. In addition, for W-Ti alloy targets, there are several reports that confirm film
composition deviations from that of the alloy target due to preferential sputtering and gas phase
scattering phenomena [85-87].

Table 5.2: Elemental composition (atomic percent) for the main constituents. Evidence of oxygen
deficiency is apparent. Two decimal places are shown for comparison purposes.
Target (Ti
wt.%)
W(100)
WTi(5)
WTi(10)
WTi(20)
WTi(30)

W 4d
19.00
18.00
16.00
14.00
14.00

Ti 2p
0
1.00
2.00
4.00
6.00

Concentration
(Atomic Percent)
O 1s
61.00
57.00
57.00
56.00
59.00
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C 1s
20.00
24.00
25.00
26.00
20.00

Figure 5.8: The variation of BE position for Ti 2p3/2 and W 4f7/2 with Ti content in the W-Ti
targets. The BEs noted for the doublet i.e., Ti 2p1/2 and Ti 2p3/2, correspond to
stoichiometric TiO2 and Ti ions in 4+ state (see text). On the other hand, the BE of
W 4f7/2 experiences a negative shift.
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Figure 5.9: The relative atomic ratio of Ti:W of the film as determined by XPS as a function of the
Ti:W ratio in the target. For comparison the target composition was converted to
atomic percent. The film ratio is (approximately) linearly proportional to the alloy
target composition.
XPS depth-profiling on the WO3-TiO2 films was performed to determine the film
chemistry, and possible changes with depth. The O 1s, Ti 2p, and W 4f peaks were analyzed; in
addition the Si 2p peak was also analyzed to understand the interfacial chemistry. The depthprofiles for the WO3-TiO2 films are shown in Figure 5.10. The sputtering time is an approximate
measure of relative film thicknesses. The sputtering time of 0 s indicates the top or surface layers
of the WO3-TiO2 films. It is evident that the sputtering time necessary for depth profiling of the
film decreases progressively with increasing Ti content. This observation correlates to the
variation in film thickness, as it decreases by nearly half from the pure WO3 film to the Ti 30 wt.%
film. Steady-state behavior is evident after about 200 s of sputtering until the substrate is reached
(Si detected). It is evident that the films with less than 10 wt. % of Ti exhibit a defined plateau for
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W, Ti, and O associated with chemical uniformity in the film made by sputtering of W or W-Ti
targets.

WTi(5)

WO3

WTi(20)

WTi(10)

WTi(30)

Figure 5.10: Depth profiles obtained for the WO3-TiO2 films. Preferential sputtering of oxygen
occurs at the beginning of the depth profiles, but equilibrium is reached after about
200 s of sputtering in all cases.
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5.4

Spectral Transmission Characteristics and Band Gap
Having established the physical and chemical qualities of the WO3-TiO2 films, the attention

is now directed to the optical nature of the films. Optical transmittance spectra for the WO3-TiO2
films is shown in Figure 5.11. The spectral transmission characteristics reveal a high transparency
over most of the visible spectrum and a sharp decrease in the region pertaining to the DUV
spectrum where the incident radiation is absorbed across the band gap. The variation in thickness
is confirmed by the spectra where the interference fringe observed by the WO3 thin film becomes
less pronounce with increasing Ti content.

Interference fringes become present in the

transmittance spectra if the optical thin film is of a discrete thickness and may be used to determine
optical constants, for the present case the limited presence of interference fringes would prohibit
the use of this relationship. Based on the transmittance spectra the absorption edge does not
indicate a strong effect due to the alloy target composition. Further analyzing the optical data will
better define the effects of TiO2 in the films. At shorter wavelengths close to the optical band gap,
the scattering losses are dominated by the fundamental absorption [102]. The optical absorption
coefficient, α, of the films is evaluated using the relation:
α = [-1/t]ln[T / (1 – R)2]…………………………………(6)
where T is the transmittance, R is the reflectance, and t is the film thickness [102-105]. Absorption
data for the WO3-TiO2 films is shown in Figure 5.12. There are broad energy features present in
the spectrum at low photon energies.
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Figure 5.11: Optical transmittance of the WO3-TiO2 films. The curves indicate that the films are
highly transparent.

Figure 5.12: Absorption coefficient of the WO3-TiO2 films as a function of photon energy. At
lower energies a broad energy shoulder is observed.
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It is well-known that the optical absorption below Eg follows an exponential behavior,
therefore the absorption is exponentially dependent on the energy (hν) of the incident photon in
that region [105]. For the WO3-TiO2 thin films in the Eg region (high absorption) or above the
fundamental absorption edge, the absorption follows a power law of the form:
αhν = B(hν – Eg)2……………………………………….(7)
where hν is the incident photon, α is the absorption coefficient, B is the absorption edge width
parameter, and Eg is the band gap [103-105]. The exponent value of ‘2’ is the characteristic value
for the indirect allowed transition which dominate over the optical absorption [102]. The
absorption data is plotted in Figure 5.13a. The ‘shoulder’ like features are more predominant in
the WO3 film which are characteristic to additional absorption bands and with the presence of TiO2
become broader and dissipate. The valence band of WO3 is mostly prevalent of the O 2p states,
whereas the conduction band is dominated with W 5d states; the reported indirect band gap value
is related to the transition from Ζ→Γ [106-109]. Extrapolating the higher absorption region to
hν=0 with R2 values greater than 0.9, provide indirect band gap values as demonstrated in Figure
5.13b. Band gap values are shown in Figure 14. The effect of Ti is not observed until WTi(10)
where the band gap values begin to decrease. Ti has a slightly larger ionic radius (Ti4+, 0.68 Å)
than W (W6+, 0.62 Å) and its presence results in two holes in the O 2p valence band [109]. Through
DFT implications, Ti doping may shift the CB edge, and by the Pauli principle the band gap will
shift to higher energies than undoped WO3. However, substitutional Ti may introduce new
unoccupied gap states which may act as recombination centers [109,110]. The formation of defect
energy levels within the forbidden band of TiO2 and WO2 would decrease the band gap energy of
the WO3-TiO2 films [109,111,112].
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(a)

(b)
Figure 5.13: (a) (αhν)1/2 as a function of photon energy. (b) The procedure of a linear regression
fit to the high absorption region to obtain the band gap value is as indicated.
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Figure 5.14: Band gap values vs. Ti content in the target.
5.5

Optical Constants
To form a comprehensive optical property correlation, the optical constants for the WO3-

TiO2 films are ultimately discussed. The refractive index, ‘n’, and the extinction coefficient, ‘k’
are determined indirectly through ellipsometric measurements. The optical stack model used to
simulate the spectra for the purpose of determining the optical constants of the WO3-TiO2 films is
schematically shown in Figure 5.15. The model contains from the top, the WO3-TiO2 film, the
SiO2 interface, and Si substrate. The surface and interface roughness were also considered in order
to accurately fit the experimental data. A Tauc–Lorentz (TL) model was used and empirical
parameterization is based on the Tauc expression for the imaginary part (ε2) of the dielectric
function [113]. For a single transition, the complex dielectric function ε2 is defined as

 A L E 0 C (E - E g ) 2 1  ……………………………..(8)
 E  2
 
2 2
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where E0 is the resonance energy, Eg represents band gap energy, E photon energy, and AL, C are
the amplitude and broadening coefficient of ε2 peak, respectively [113]. The TL model allowed
for the determination of the optical constants, as well as thickness verification. Note that the real
and imaginary parts of the dielectric function are related to n and k as: ε1 = n2- k2; ε2 = 2nk.

Figure 5.15: Optical stack model employed for ellipsometric analysis.
The set of WO3-TiO2 films was modeled with TL oscillators while attempting to locate the
best fit for the data by minimizing the MSE. The modeling parameters are listed in Table 5.3. The
governing TL oscillator of the genosc layer has four unique parameters which are the amplitude
(AL) of the ε2 peak, the half width (C) of the ε2 peak, fixed center energy (Eo) of the TL peak, and
the Tauc gap (Eg). This particular model employed for the set of WO3-TiO2 films has been proven
effective in the literature to model transparent conducting oxides [76-79]. The curves obtained for
Ψ and Δ for the WO3-TiO2 composite films are shown in Figure 16, and indicate a reasonable
agreement between the experimental and simulated data. The effect of thickness variation due to
target composition is evident as the optical interference among film layers becomes less prominent
as the films approach WTi(30).
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Table 5.3 Ellipsometry modeling parameters of WO3-TiO2 films.

AL
W(100)
WTi(5)
WTi(10)
WTi(20)
WTi(30)

281.10±7.09
219.91±3.63
339.67±11.7
253.93±7.55
256.94±7.16

Tauc-Lorentz Oscillator
E0
C
4.03±0.06
4.42±0.03
3.61±0.06
4.10±0.05
4.09±0.05
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5.12±0.02
3.83±0.03
4.03±0.03
3.71±0.03
3.58±0.03

Eg
3.30±0.00
3.22±0.00
3.27±0.00
3.23±0.01
3.24±0.01
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Figure 5.16: The spectral dependence of Ψ and Δ for the WO3-TiO2 composite films. The
experimental data and modeling curves obtained are shown.
The microstructure information, specifically, film thickness and interfacial oxide thickness
of the WO3-TiO2 films were determined from SE analysis. The variation of film thickness as a
function of Ti content in the target is shown in Figure 5.17. To validate the SE analysis and
microstructure, the film thickness values obtained from XRR are also plotted in Figure 5.17.
Distinct film properties are responsible for film thickness characterization and ultimately it can be
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seen that the thickness values obtained from XRR and SE are in reasonable agreement with respect
to one another. This observation indicates that the models and SE analysis adopted may reasonably
simulate the microstructure and, hence, optical properties of the WO3-TiO2 films. In addition, the
interfacial oxide (SiO2) was limited to 2–3 nm at the interface. This result was consistent with our
earlier reports for either pure or Ti-doped WO3 films, where there was no significant interfacial
oxide growth.

Figure 5.17: Thickness measurements obtained through SE and XRR modeling.

The

measurements commensurate well with one another.
The most important optical parameters determined from SE data are the optical constants,
namely, the index of refraction (n) and extinction coefficient (k). The dispersive optical constants
of the WO3-TiO2 films are shown in Figure 5.18a and 5.18b. The spectral dependence of the
extinction coefficient k(λ) determined from SE data for the WO3-TiO2 films is shown in Figure
5.18a. It is evident that the “k” values are low and very close to zero throughout most of the
spectrum, which indicates very low optical losses due to absorption. The onset or sharp increase
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in “k” at short wavelengths is due to the fundamental absorption across the band gap. An
understanding of the structural quality of the WO3-TiO2 films can also be derived from the
dispersion profiles of k(λ). Specifically, the curves (Fig. 5.18a) indicate that the k value of the
WO3-TiO2 films is almost zero in the visible and near infrared spectral regions, while for photon
energies towards the ultraviolet region, “k” increases sharply. The k(λ) behavior is obviously
related to the optical quality of the films. Strong absorption with no weak shoulders or tailing
behavior for the WO3-TiO2 films can be attributed to the high quality of the grown layers with a
very high transparency. The dispersion profiles for the index of refraction n(λ) determined from
SE data for WO3-TiO2 films are shown in Figure 5.18b. The results indicate a similar behavior as
noted in k(λ). The “n” dispersion curves also indicate a sharp increase at shorter wavelengths
corresponding to fundamental absorption of energy across the band gap.
composition is very minimal in the “n” curves.
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The effect of target

(a)

(b)
Figure 5.18: The dispersion curves for the (a) extinction coefficient, k(λ), and (b) the index of
refraction, n(λ).

Further analysis is needed to understand the effect of target

composition on the optical constants.
In order to understand the physics of WO3-TiO2 films and the effect of target composition
on the optical constants, the “n” variation of the films at λ(550 nm) with variable Ti target
composition is shown in Figure 5.19. The effect of target composition is obvious, though there is
not a significant trend among the films grown with a W/Ti alloy target there is a sharp increase
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from intrinsic WO3 to WTi(5). It is well-known that the optical behavior of the refractive index is
related to the film density. The refractive index and physical characteristics of the WO3-TiO2 films
may be fit to a Lorentz-Lorenz model. Following the equation:

ρf
ρb =

(𝑛𝑓2 − 1)(𝑛𝑏2 + 2)
(𝑛𝑓2 + 2)(𝑛𝑏2 − 1)

………………………………..(9)

where 𝜌f/𝜌b is the relative density, f and b differ between film and bulk material, respectively
[114,115]. The values obtained for relative density are plotted in Figure 5.20. The relative density
is increasing with W/Ti target composition. This corroborates well with XRD, XRR and XPS. As
the Ti composition in the target increases W and Ti atoms will not conform to the Hume-Rothery
rules, and during the sputtering process Ti becomes the more aggressive oxygen getter allowing
the formation of very dense, compact films. The effect of target composition was not as
pronounced in the optical constants but the formation of a structure-optical property correlation
allows the extraction of significant analysis to verify property relationships.

W/Ti target
composition effect

Figure 5.19: 'n' values taken at 550 nm. The effect of target composition is obvious as the samples
vary from intrinsic WO3 to WO3-TiO2 films.
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Figure 5.20: The relative density measurements obtained through the Lorentz-Lorenz relationship.
Values corroborate XRD, XRR, and XPS analysis.
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Chapter 6: W-Ti-O Films Fabricated by Co-Sputtering W and Ti Targets
6.1

Establishment of Conditions
The significant effect of the Ti content in the target on the physical and optical properties

of the WO3-TiO2 films was expounded upon by taking a similar approach as discussed in Chapter
5. The composite WO3-TiO2 films were fabricated by employing reactive DC sputtering, and codepositing W and Ti. The DC power applied to the W magnetron was systematically varied in
order to adjust the W content, allowing a correlation between sputtering kinetics and composition
on the formation of WO3-TiO2 films. Obtaining accurate information on the physical, optical,
chemical, and electronic properties of WO3-TiO2 films prepared by various deposition techniques
is of clear interest from a fundamental perspective as well as a technical stand point.
The chemical reaction pathways at target and substrate surfaces may also depend on the
processing conditions [116]. During the reactive sputtering process there are several regimes that
take place with respect to the amount of reactive gas used during deposition. The regimes are the
metallic mode, transition mode, and compound mode. The deposition rate is highly dependent on
the supply of reactive gas, and the relationship between the two is very nonlinear. There is a
contradiction between a true stoichiometric sputtered-compound and a high deposition rate [116121]. An experimental processing curve between the reactive gas flow rate and the deposition rate
is demonstrated in Figure 6.1a. The relationship between the partial pressure and the supply of
reactive gas is shown in Figure 6.1b to encompass the transitions during sputtering.
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(a)

(b)
Figure 6.1: (a) Deposition rate as a function of the supply of reactive gas [119]. (b) Relationship
between the partial pressure of the reactive gas (PRG) and the flow rate of the reactive
gas (QRG) [119].
The metallic mode of sputtering will observe high deposition rates as all of the reactive gas
is being gettered by the sputtered metal. The partial pressure of the reactive gas (PRG) will remain
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low and the target will remain metallic. All the reactive gas present will be chemisorbed by the
adatoms from the deposition flux, corresponding to a net PRG of zero [120]. At point B, QRG is
equal to the gettering rate of the sputtered metal. Every small increase in QRG results in a sudden
increase of PRG and correspondingly a sudden decrease in film deposition rate [119]. Further
increase to QRG will cause a linear increase with PRG; the deposition rate at this region will be low
since more gas will be consumed for compound formation. The high supply of reactive gas will
saturate the target and the collecting surfaces but will yield stoichiometric compositions of the
deposited film [116-121]. During the return rate from the reactive mode (D to E) there is a
corresponding decrease in PRG, but the return to the metallic mode is delayed due to target
poisoning [119]. PRG will remain high until the compounded layer on the target surface is removed,
and metal becomes exposed for sputtering [119]. The consumption of the reactive gas will increase
and PRG will decrease and remain close to zero (F) [119]. A hysteresis effect is formed in this way.
This implies that the deposition rate does not increase and decrease at the same value with the
supply of reactive gas [116-119]. Sputtering processes are carried out as close to point B as
possible which may yield near to stoichiometric films. There is a competitive process between the
sputtering of target atoms and the compounding of target atoms with the reactive gas. When the
flow of reactive gas exceeds the gettering rate the chemical reaction between target atoms and
reactive gas dominates. Consequently, the erosion rate of the target will decrease because the
poisoned target sputters less efficiently than the original target material and the gettering rate will
further decrease resulting in a feedback loop causing an abrupt change in the partial pressure of
the reactive gas, which is coupled to an abrupt change in deposition rate [116-121]. Therefore,
optimum processing conditions are needed to satisfy the balance between deposition rate and
stoichiometric depositions.
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The processing parameters for this investigation were determined by carefully monitoring
the oxygen partial pressure (PO2) as a function of oxygen flow rate (QO2) prior to deposition with
both magnetron sources. The Si(100) and quartz substrates were not introduced into the chamber
until after the pre-sputtering process. The vacuum chamber was evacuated to a base pressure of
~10-6 Torr after which the pressure of Ar (PAr) was set at 10 mTorr and controlled by locking the
gate valve position. The flow of Ar was set at 25 sccm and introduced through a mass-flow
controlled gas inlet. The initial trial monitored the Ti source during sputtering operating at 100 W
DC. The relationship between QO2 and PO2 obtained during Ti sputtering is shown in Figure 6.2.
The partial pressure of oxygen was calculated by subtracting 10 mTorr (Ar pressure) from the total
pressure (PTot). At PO2(0 sccm) the pressure remains zero confirming the Ar pressure remains
constant. A slight increase in QO2 results in negligible change in PO2 which is consistent to the
gettering of all available O2 [120]. The onset of the transition regime becomes prominent at the
rise in PO2.
In order to confirm sputtering in the transition mode, the trial of decreasing QO2 with the
discharge of the magnetron sources off is also shown in Figure 6.2. The pumping speed was
calculated from evaluating PTot vs. QTot, and resulted in an average rate of 32 L/s. The onset of a
linear relationship at QO2≥5 sccm corresponds to the reactive mode of sputtering. The linear
region is parallel and slightly lower than the system pumping curve with the magnetron cathode
off [122]. During this interval fully stoichiometric TiO2 is formed. Transition mode of sputtering
will consequently take place at 1<QO2≤5 sccm. During the transition mode of sputtering the
supply of oxygen will permeate and overwhelm the Ti flux, leading towards gradual oxidation of
the target, substrate, and adjacent surfaces [120]. The metallic (I), transition (II), and reactive (III)
mode of sputtering are outlined in Figure 6.2.
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Systematically controlling the processing

parameters will assist in predicting a critical reactive gas flow rate that would in turn deposit mixed
oxide WO3-TiO2 films with a combination of unique properties that include the high transparency
of TiO2 with absorbing complexes of substoichiometric WO3-x, ideal for electrochromic
applications.

Figure 6.2: Evaluation of PO2 vs QO2 for increasing QO2 for the Ti source operating at 100 W DC
and decreasing QO2 with the magnetron discharge off.
Sputtering in the transition mode will result in substoichiometric WO3-x within a
transparent TiO2 matrix. The critical O2 flow rate should be enough to form stoichiometric TiO2,
and constrain the formation of stoichiometric WO3. Characterization of the PO2 vs QO2 behavior
for the co-deposition of W and Ti targets was performed using QO2 values of 2 and 4 sccm. The
relationship of PO2 with incremental tungsten power is shown in Figure 6.3. The additional
tungsten deposition flux will render a decrease in PO2 due to the additional oxygen uptake. A
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gradual decrease without any abrupt changes is ideal for film fabrication because enough oxygen
will be reduced, while maintaining stability throughout a wide range of partial pressures [120].
This behavior was only demonstrated for QO2=4 sccm as shown in Figure 6.3. The flow rate of O2
(99.999%) was set at 4 sccm for film depositions. For film fabrication, Ti sputtering took place at
a constant power of 100 W DC and the power to the tungsten source was varied in the range of 50
to 150 W DC. The substrates were placed on a rotating sample holder and the substrate
temperature was held constant at 100 °C for all depositions.

Figure 6.3: Relationship between PO2 and variable tungsten power while employing 100 W DC for
the Ti source.
6.2

Chemical Analysis and Valence State
X-ray photoelectron spectroscopy was used to obtain the composition and chemistry of the

WO3-TiO2 films. High energy resolution spectra of the C 1s, O 1s, Ti 2p, and W 4f peaks were
acquired and analyzed in order to provide information about the chemical states of the atoms on
the film surface.

The core level peak analysis for Ti 2p is shown in Figure 6.4. The Ti 2p3/2 and
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2p1/2 peaks are well-resolved and fit with a high degree of confidence. The curve fits of the Ti 2p
peaks indicate a major doublet (2p3/2 and 2p1/2) corresponding to Ti4+. The corresponding binding
energies for Ti 2p1/2 and Ti 2p3/2 are located at 464.6 eV and 458.9 eV, respectively, which agree
well with reported values for stoichiometric TiO2 [90-94]. The intensity of the Ti 2p doublet peaks
is decreasing with increasing tungsten power (WW) which is in agreement with the inverse
relationship observed in the W/Ti alloy target depositions with increasing Ti content. The Ti4+
cation remains stable with increasing tungsten power.
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Figure 6.4: High resolution spectra of Ti 2p for the WO3-TiO2 films grown as function of DC
tungsten power. Spectra are offset for clarity.
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The core level peaks of W 4f are shown in Figure 6.5. The W 4f spectra consist of wellresolved spin orbit split doublet peaks corresponding to W 4f5/2 and W 4f7/2 positioned at 37.7 and
35.6 eV, respectively [123,124]. The BE positions of the W 4f doublet are in agreement with the
reported energies for fully stoichiometry WO3 in its highest oxidations state of 6+. Incremental
changes in the tungsten power (WW ≤ 90 W DC) retain the fully stoichiometry compound. Further
increases in WW, however, result in a partial reduction from W6+ to W5+. At a tungsten power of
100 W DC the onset of a broad energy shoulder at lower binding energies indicates the presence
of compound W2O5. The intensity for the W5+ doublet peaks develops and obtains satisfactory
line shapes with increasing WW. The BE positions for W5+, W 4f5/2 and W4f7/2 are centered at 36.1
and 33.9 eV, respectively. The reported BE for W5+ is slightly higher, the shift observed to a lower
BE is attributed to the difference in electronegativity and polarizability between W and Ti atoms
[123-125].
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Figure 6.5: High resolution spectra of W 4f for the WO3-TiO2 films grown as function of DC
tungsten power. Spectra are offset for clarity.
The deposited films retained Ti in its highest oxidation state with incremental changes in
WW. The W6+ state was reduced to W5+, as the tungsten power exceeded 90 W DC. The chemical
analysis confirms the growth of stoichiometric WO3-TiO2 films and WO3-x-TiO2 composite films.
Table 6.1 summarizes the chemical compositions of the films deposited with variable tungsten
power. Figure 6.6 compares the area ratio between the W 4f5+ and W 4f6+ components. It is
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evident that the films deposited at WW < 90 W DC are characteristic of the reactive and portions
of the transition mode of sputtering. As the power is increased the disparities in oxygen do not
exhibit a characteristic relationship with incremental tungsten power. However, the observed
mixed valence state of W 4f observed at higher tungsten power indicate film depositions having
been carried out in the transition mode of sputtering (Fig. 6.6).
Table 6.1 Elemental composition (atomic percent) for the main constituents. Data obtained from
survey scans (not shown). Compositions have ±1% accuracy.
Tungsten Power
DC (W)
50
60
70
80
90
100
110
120
150

W 4f
16.8
17.4
17.1
17.6
16.5
17.8
17.1
17.1
16.2

Ti 2p
1.6
1.1
0.9
0.9
0.7
0.8
0.9
0.8
1.0

Concentration
(Atomic Percent)
O 1s
52.7
53.3
51.0
52.1
52.3
52.9
51.8
52.6
53.1

C1s
25.4
25.1
27.6
26.0
26.9
25.1
26.3
25.3
24.4

Figure 6.6: Area ratio between the W 4f5+ and W 4f6+ components.
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N 1s
3.4
3.1
3.3
3.4
3.6
3.5
3.9
4.2
5.2

6.3

Film Thickness and Density
XRR techniques discussed in Chapters 4 and 5 were used to determine film thickness and

density. The properties obtained through XRR curve modeling are shown in Figure 6.7a and 6.7b.
The thickness of the WO3-TiO2 films is gradually increasing as the power to the tungsten source
increases. The initial incremental changes in tungsten power are associated with low thickness
values. The film depositions carried out at WW ≤ 90 W DC, correspond to the reactive mode of
sputtering and the formation of composite WO3-TiO2 films. The flux of W atoms will increase as
a function of WW. The additional oxygen uptake will decrease the oxygen partial pressure (Fig.
6.3). As discussed in Chapter 5, W and Ti both demonstrate a high affinity for oxygen and thus,
a competitive oxidation process will take place. As PO2 decreases, the compounded layer on the
poisoned Ti target is efficiently sputtered to expose the elemental metal for further compounding.
The result is a reverse target poisoning process that ultimately increases the sputtering efficiency,
and results in an increase in film thickness.

Additionally, the density of the WO3-TiO2 films is

increasing with WW as seen in Fig. 6.7b. The low density values associated with WW ≤ 90 W DC,
are attributed to the stoichiometric WO3-TiO2 composite films. For reference the density of bulk
WO3 and TiO2 is 7.16 g/cm3 and 4.23 g/cm3, respectively. Density values for WW≥ 100 W DC,
exceed bulk values. As PO2 decreases to the background level, the Ti-O bonds will form
preferentially to W-O bonding, characteristic of the transition mode of sputtering. The increase in
density is a result of the substoichiometric WO3-x component of the WO3-x-TiO2 films. The density
of the composite films increases from 6.86 g/cm3 to 9.56 g/cm3 with WW. The higher density
values are also attributed to the flux increase of the heavier W atoms (183.84 amu) compared to
Ti (47.867 amu) [85,86]. These observations are inversely related to the thickness and density
relationships observed in Chapter 5 for the W/Ti target depositions.
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(a)

(b)
Figure 6.7: (a) Thickness as a function of tungsten power for the DC reactive sputtered WO3-TiO2
films. (b) Density as a function of tungsten power.
6.4

Spectrophotometry and Band Gap
The optical properties of the mixed oxide WO3-TiO2 films demonstrate a high degree of

sensitivity towards the tungsten sputtering power employed during film deposition. The spectral
transmission spectra of the films grown as a function of tungsten power are subdivided between
low and high tungsten power for clarity in Figure 6.8a and 6.8b, respectively. The films grown at
WW <90 W DC are highly transparent (>80%) throughout most of the spectrum. The drop in
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transmission at low wavelengths (λ<350 nm) is typical of absorption across the band gap. The
transparent nature of the films deposited at WW<90 W DC is consistent with WO3 and TiO2
dielectric films. The high transparency was retained as a result of the formation of stoichiometric
WO3-TiO2 composite films for depositions carried out at low tungsten power. Additionally the
films remain highly transparent throughout the IR region. As the power was increased ≥90 W
DC, a gradual degradation in the transparency was observed. The optical behavior observed in the
WO3-TiO2 films is in good agreement with the sputtering kinetics observed where the higher
tungsten power is associated with a decrease in oxygen partial pressure that will yield films with
higher photon absorption and greater scattering effects.
At WW = 150 W DC, the absorption region associated with band to band transitions exhibits
a gradual decrease in transmittance commencing at a wavelength beyond the visible spectrum.
Relative to the optical behavior, as measured by spectrophotometry results, the highly colored
films will exhibit unique dispersions for wavelengths of light that are strongly absorbed [126].
XPS results indicate that tungsten in its highest oxidation state of 6+ will reduce to W 5+ with
increasing tungsten power. The optical absorption brought on by WO3-x is due to injected electrons
that become positioned at W sites. The electrons alter the total valence of tungsten ions from W6+
to W5+ [127]. The decrease in PO2, is associated with the presence of unreacted W along with WO3,
which act as scattering centers of light decreasing optical transmittance. The transmittance results
validate the observed electronic structure, and the coloration effects of the films. At WW ≥ 90 W
DC the films begin to exhibit a deep blue color associated with increases in the carrier mobility as
a result of the formation of oxygen vacancies (Fig. 6.9).
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(a)

(b)
Figure 6.8: Spectral transmission spectra for the WO3-TiO2 films grown as a function of tungsten
power (a) WW < 90 W DC and (b) WW ≥ 90 W DC.
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(b)

(a)

(e)

(f)

(c)

(g)

(d)

(h)

(i)

Figure 6.9: Photographs of the WO3-TiO2 films grown with variable tungsten power (a) 50 W DC
(b) 60 W DC (c) 70 W DC (d) 80 W DC (e) 90 W DC (f) 100 W DC (g) 110 W DC
(h) 120 W DC (i) 150 W D. The changes in coloration correspond to a change in the
W oxidation state from W6+ to W5+.
The optical absorption coefficient, α, of the WO3-TiO2 films is evaluated from the
experimental transmittance data and the physical film structure obtained through XRR techniques.
The optical relationships employed to determine the absorption coefficient have been discussed in
the previous chapter. The absorption coefficient is demonstrated in Figure 6.10a and 6.10b
segmented between low and high tungsten power for clarity, respectively. The absorption edge
remains constant for WW < 90 W DC indicative of a stable electronic structure. The additional
photon absorption observed in the transmissivity of the films deposited with higher WW
corroborates with the increase in absorption at lower photon energies shown in Fig. 6.10b. The
increase in optical absorption at higher tungsten power is attributed to higher electron
concentrations associated with the additional oxygen ion vacancies [127-130].
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(a)

(b)
Figure 6.10: The relationship between the absorption coefficient and photon energy for the WO3TiO2 grown as a function of tungsten power (a) WW < 90 W DC and (b) WW ≥ 90 W
DC.
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The optical energy band gap was determined from the optical measurements by fitting the
data to Tauc’s relationship [103-105]. Figure 6.11a demonstrates the (αhν)1/2 vs hν plots for the
representative films deposited at variable tungsten power. The extrapolation of the linear portion
of the plot (αhν)1/2 as a function of photon energy gives the value of the indirect band gap (Eg)
[103,104,128-131] as indicated by the red dashed line. Band gap (Eg) values decrease from 3.10
to 2.24 eV with increasing WW and are plotted in Figure 6.11b. Eg values for WW ≤ 90 W DC are
not significantly influenced by the variability in WW which is in agreement with the formation of
stoichiometric WO3-TiO2 films and transmittance data. As WW is increased there is a significant
drop in Eg. The low Eg values correspond to substoichiometric WO3-x-TiO2 films. Oxygen
substoichiometry, as a result of the decrease in PO2 with WW, is responsible for the additional defect
states formed by oxygen vacancies that cause band gap narrowing.

The band gap in

semiconductors is influenced by the Burstein-Moss (BM) shift and band gap renormalization [128131]. The BM shift tends to increase the band gap by virtue of the Pauli principle which prevents
states from being doubly occupied. Band gap widening may be counteracted by a narrowing
caused by the mutual exchange and Coulomb interactions between the added free electrons in the
conduction band and electron impurity scattering [128-131]. A downward shift of the conduction
band and in upward shift of the valence band energy will take effect in consequence. Similar
reports have been made for Al and Mg doping into ZnO [128-131].
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(a)

(b)

Figure 6.11: (a) (αhν)1/2 vs. hν plots for the representative set of WO3-TiO2 films grown as a
function of WW. (b) Band gap variation with WW.
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6.5

Optical Constants, n and k
The optical constants, namely the refractive index and the extinction coefficient were

probed through spectroscopic ellipsometry (SE) measurements. SE measures two values, Ψ and
Δ that express the amplitude ratio, and phase difference between the “s” and “p” polarizations of
the reflected light from the sample [76-79]. The optical functions along with microstructural
details are extracted by analytical mathematical inversion techniques. A thorough discussion on
SE analysis is provided in Chapter 4. The Tauc-Lorentz model discussed in Chapters 4 and 5 was
employed to fit the ellipsometric data of the WO3-xTiO2 thin films for the reproducibility observed
in previous characterization of WO3 and Ti-doped WO3 amorphous films [33-48].

One or more

additional Lorentz oscillators were employed for the films grown at higher tungsten power to
account for absorption due to free carriers. The Lorentz model allows the simulation of the optical
constants over the transparent and absorbing spectral range [132].
The spectral dependence of the extinction coefficient determined from SE data is shown in
Figure 6.12a for WW < 90 W DC and in Figure 6.12b for WW ≥ 90 W DC. The initial tungsten
power did not have significant influence on the extinction coefficient, as “k” values remained low
and very close to zero throughout the visible spectrum and into the near IR, which is consistent
with the optical behavior exhibited by dielectric metal oxide thin films. With increases in WW the
onset of absorption is observed for the film deposited at 70 W DC at wavelengths greater than the
visible spectrum. Figure 6.12b models the spectral dependence of “k’ for the films deposited with
higher WW, and an increase in absorption is observed with variable power. The optical “k”
function corroborates well with the electronic structure and optical results observed for the films
grown at higher WW. The formation of WO3-x adds additional oxygen vacancies that contributed
free carriers responsible for the absorption observed at higher WW.
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(a)

(b)
Figure 6.12: Extinction coefficient of the WO3-TiO2 films grown under incremental tungsten
power (a) (<90 W DC) and (b) (≥90 W DC).
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The spectral dependence of the refractive index with incremental WW is shown in Figure
6. 13a for WW < 90 W DC and in Figure 6.13b for WW ≥ 90 W DC. The “n” dispersion curves
for the films grown at WW < 90 W DC indicate an increase at shorter wavelengths typical of the
fundamental absorption across the band gap for dielectric oxide thin films. The dispersion profile
of the refractive index begins to change as WW is further increased. The index of refraction is
increasing with WW, which correlates with the observed densification of the WO3-TiO2 films. The
observed increase in density is related to the increase in “n” through the Lorentz-Lorenz
relationship which links the microscopic polarizability of the WO3-TiO2 films to the spectral
dependence of “n” [126,134]. The ionic radius for Ti (Ti4+, 0.68 Å) is slightly larger than W (W6+,
0.62 Å), however the incremental changes in WW promotes the partial reduction of W6+ to W5+,
the reduced oxide will have a higher ionic radius. The highly polarizable cations are more efficient
in retarding the propagation of light [126,134]. This justifies the refractive index variation with
increasing WW and supports the absorption characteristics observed.

88

(a)

(b)
Figure 6.13: The spectral dependence of the refractive index for (a) WW < 90 W DC and (b) WW
≥ 90 W DC.
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Chapter 7: Conclusions
7.1

W/Ti Alloy Target Depositions
WO3-TiO2 films were produced by reactive sputtering of W-Ti alloy targets in the presence

of oxygen. The effect of Ti content in the W-Ti target on the structure and chemistry of the
resulting WO3-TiO2 films has been investigated. Note that all the films are amorphous, and the
growth behavior and physical properties, such as film thickness, are highly influenced by the Ticontent in the target. Film thickness significantly decreases from 150 nm to 35 nm as Ti target
content increases from 0 to 30 wt% due to the difference in the relative sputtering yield and
competing oxide formation by W and Ti. Titanium incorporation results in the formation of WO3TiO2 composite oxide films, where the chemical state of Ti is 4+. Increasing the Ti content in the
W-Ti alloy target did not alter the chemistry of the films as the chemical state of W remains at 6+
as indicated by the high resolution spectra for W 4f and W 4d. With a critical amount of Ti (≥10
wt.%), behavior consistent with the substitution of W atoms with the less electronegative Ti atoms
is made evident by the change in BE position for the W 4f7/2 spectra, related to the formation of
WO3-TiO2 composite films. Such films are expected to have the possibility for tuning the electrical
conductivity while retaining the optical transparency to make them efficient for
photoelectrochemical cells and photovoltaics.
7.2

W and Ti Co-Sputter Depositions
The formation of WO3-TiO2 and WO3-x-TiO2 composite films were deposited by co-

sputtering individual W and Ti targets, and systematically increasing the W flux by increasing
tungsten power (WW). A critical O2 flow rate of 4 sccm was used for depositions in the transition
mode of sputtering to form TiO2, and gradually hinder the formation of stoichiometric WO3. Films
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deposited at WW < 90 W DC were characterized by typical dielectric behavior, e.g. high
transparency in the visible and near IR regions (> 85%), wide band gap, and an electronic structure
associated with the highest oxidations state of W6+ and Ti4+ for dopant and matrix, respectively.
The structural, electronic, and optical properties of the composite films were highly influenced by
the increase in WW and W flux.

The increase in WW resulted in a decrease in oxygen partial

pressure (PO2) and the formation of substoichiometric WO3-x complexes in TiO2. The density and
thickness significantly increased with WW as target poisoning associated with Ti was decreased,
enhancing the sputtering and growth of the composite films. XPS studies confirmed the formation
of substoichiometric WO3-x for WW > 90 W DC. The substoichiometric complexes of W resulted
in unique optical absorption relationships. The band gap decreased from 3.1 to 2.24 eV with
increasing WW. The additional oxygen vacancies promoted defect states along with additional free
carriers resulting in increased absorption at higher WW values. The intervalancy transition from
W6+ to W5+ confirmed by XPS, causes higher ionic polarizability that impedes the propagation of
light causing a variation in the spectral dependence of the refractive index with incremental WW.
The process-property relationships between WW and the optical behavior demonstrate a tunable
route among variable Eg and absorption characteristics on WO3-TiO2 films ideal for
electrochromic and photoelectrochemical applications.
I acknowledge with pleasure the financial support from the National Science Foundation
and Research Collaboration Program of AFRL. However, any opinions, findings, and conclusions
or recommendations expressed in this material are those of the author(s) and do not necessarily
reflect the views of the funding agencies.
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Chapter 8: Future Work
Based on the observations and results from this investigation, the scope for future work is as
follows:
1. Perform conductivity measurements on the films deposited with variable Ti content
2. Perform conductivity measurements on the co-sputtered thin films deposited by employing
variable tungsten power.
3. Tailor the conductivity of the films to TCO requirements for bulk-heterojunction solar
cells.
4. Perform photocatalytic and electrochromic measurements on WO3-TiO2 composite films
to assess results for “smart-windows” and photoelectrochemical water-splitting.
5. Based on the process-property relationships observed, construct a multilayer photovoltaic
device using WO3-TiO2 films as the TCO component and evaluate under solar simulation.
6. Evaluate film properties specific to the photocatalytic activity of WO3 and TiO2 for the
construction of a PEC cell for H2O splitting.
7. Theoretical and/or computational models on the chemistry of the Ti-site in WO3 can be
performed to gain additional insight into the crystalline phases of W-Ti-O films.
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